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Task Objective

The primary goal is to understand the microstructures which develop under the non-

equilibrium solidification conditions achieved by melt processing in copper oxide

superconductor systems. More specifically, to define the liquidus at the Y-1:2:3

composition, the Nd-1:2:3 composition, and several intermediate partial substitution

points between pure Y-1:2:3 and Nd-1:2:3. A secondary goal has been to understand

resultant solidification morphologies and pathways under a variety of experimental

conditions and to use this knowledge to better characterize solidification phenomena in

these systems.

Task Description

Two experimental techniques have been used in these solidification studies: a small drop

tube and aero-acoustic levitation (AAL). AAL allows for direct measurement of the

sample temperature during processing through optical pyrometry and solidification

velocity measurements through high-speed imaging. In drop tube experiments, these

measurements are impossible. Therefore, the assumption is made that samples reach the

furnace temperature during free-fall. Heat flow calculations on small droplets indicate

that this is a reasonable assumption. Solidification events which occur in aero-acoustic

levitation experiments also occur in the drop tube experiments. Therefore, correlations

are made between the two experiments based on thermal data and microstructural

analysis.

After processing, all samples are examined using scanning electron microscopy (SEM)

and optical microscopy to determine the phase distributions and morphologies.

Transmission electron microscopy (TEM) is used to verify the existence of phases.

Electron diffraction in conjunction with TEM provides crystallographic information

about the phases present and helps in identification. Powder x-ray diffraction also

provides phase information, however samples are crushed for x-ray diffraction and all

spatial information is lost. The combination of these five analysis techniques allows for a

near complete description of the resulting phase chemistry. This information, coupled

with the thermal data, allows determination of the solidification pathways of the material.

Task Significance
There has been little success in producing oxide superconductor materials in bulk which

possess suitable properties for technological application. Over the past several years,

researchers have used a variety of substitutions to the YBazCu3OT-_ composition in an

effort to find a compound which exhibits superior superconducting properties in bulk.

The substitution of other rare earth elements for yttrium, either full or partial, has been

found to have little or no deleterious effect on electronic properties. However,

substitutions do affect the liquidus and phase relations. Lowering the liquidus reduces the

maximum processing temperatures and some of the complications of high temperature

processing. There is some evidence that these rare earth substitutions increase the width

of the superconducting phase from a line compound to a solid solution. Both factors
make bulk RE substituted materials more commercially feasible for melt growth.



Thedifficulties of processingthesematerialsin oneg presentaclearcasefor
microgravityprocessing.Forexample,the largedensitydifferencesin thesemulti-
componentsystemscausesedimentationin themelt. Also, YBa2Cu3OT.6andrareearth
(RE)substitutedYBa2Cu3OT._haveavery low thermalconductivity,suchthat moderate
heatingandcooling ratesdeveloplargethermalgradientsin themelt,therebydriving
convection.Furthermore,thesematerialsreactwith all knowncontainingmedia,but the
poorelectricalconductivityat roomtemperaturepreventstheuseof moreconventional
electromagneticcontainerlessprocessingtechniques.Forvariousreasons,other
techniquesfor containerlessprocessingarenot appropriatebecausecontrolof the
processingenvironmentis crucialto maintainingoxygenstoichiometryandpreventing
contaminationby othergassessuchasCO2.Furthermore,heatcapacity,viscosityand
surfacetensionmeasurementson theundercooledliquid meltcannotbedoneonearthbut
canbeobtainedin microgravity. Fundamentalstudiesof themelting,undercooling,and
solidificationbehaviorunderthehighlycontrolledconditionspossiblein amicrogravity
environmentwill leadto agreaterunderstandingof thesematerials.

Task Progress

In the term of this grant, several important findings were made:

1. The tetragonal 123 phase can be grown directly from the melt by undercooling

the liquid.

2. Liquidus temperatures can be determined by drop tube processing.

3. The high temperature phase hierarchy can be modified by rare earth

substitutions.

4. A minimum in the liquidus and peritectic transformation temperatures of

alloys between pure Nd123 and pure Y123 has been found.

5. Splat-quenching of the undercooled melt forms microcrystalline 123 phases,

while splat-quenching at high temperature forms an amorphous phase in Nd

rich alloys of 123.

Drop tube experiments were performed at Vanderbilt to determine the high temperature

phase relations. Small powders (50 - 100 pm) were processed at different maximum

temperatures in a pure oxygen environment. These experiments are used to identify

liquidus temperatures and the extent of high temperature solid + liquid regions of the

phase diagram. Processed specimens were analyzed using scanning electron microscopy,

electron dispersive spectroscopy, and powder x-ray diffraction to characterize

microstructures and identify phases. These results have been published in The Journal of

Materials Research _, and a figure from that work is presented in figure 1.

1Olive, J.R., Hofmeister, W.H., Bayuzick, R.J., and Vlasse M. "High-temperature phase relationships for

YxNdt.×BazCu3Oy (0.7< x<1.0) superconductors via containerless processing,", J. Mater. Res., vol. 14, no.

10, pp. 3843-3850, October 1999.

Olive, J.R., Hofmeister, W.H., Bayuzick. R.J., and Vlasse M. "High-temperature phase relationships for

YxNdvxBa2Cu3Oy (0< x<0.5) superconductors via containerless processing," J. Mater. Res., vol. 14, no. 10,
pp. 3851-3858, October 1999.
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Figure 1' Summary of phasespresent in drop tube results for processing(Nd, Y)123 alloys. The furnace
processingtemperatures are on the abscissaand composition on the ordinate.

Containerless melt processing experiments have been performed on the copper

oxide superconductors NdBa2Cu307-a and GdBa2Cu307-a with rare earth substitutions of

Y for Nd in the 123 composition Nd 9Y _-123, NdsY2-123, NdvY3-123, Nd 5Y 5-123,

Nd3YT-123, Nd 2Y.s-123, and NdlY.9-123 as well as several ternary rare earth alloy

compositions Y.25Nd35Gd40-123, Y soNdzsGd25-123, and Y 75Nd. 15Gd 10-123. These

experiments were performed at ISAS in Japan in collaboration with Prof. Kuribayashi of

Tokyo University. Starting specimens were 2.5 mm diameter spheres created from

stoichiometric 123 sintered powders using a laser copper hearth under flowing oxygen.

Spheres were levitated in 02 using aero-acoustic levitation (AAL), melted with a CO2

laser, undercooled, and congruently solidified. Recalescence events for the undercooled

melts were recorded using two-color pyrometry and a high-speed digital camera. The

peritectic transformation temperature for the reaction RE2BaCuO5 + liquid --,

REBa2Cu307.a for each composition was measured. A minimum in the peritectic

transformation temperature for the Nd/Y123 alloy system was determined at 1258K for

the composition Y.3Nd.7Ba2Cu307-a. Processed specimens were analyzed using scanning

electron microscopy, electron dispersive spectroscopy, and powder x-ray diffraction to

characterize microstructures and identify phases. Fully densified 123 was clearly the

majority phase with 211 dendrites interspersed near the center of the spheres for all

compositions. RE-Ba substitution was not detected during EDS analysis suggesting that

123 is a point compound during the rapid solidification event. According to SEM

imaging and XRD results, the volume fraction of 211 in the processed spheres increased

as the Y content of the original specimen increased. A periodic shift in the XRD peaks

for the 211 phase was also discovered suggesting partial substitution of Nd for Y in this

phase under nonequilibrium melt processing conditions. A paper of this work is in review

by The Journal of Materials Research. A pre-print is included in appendix A.



Splat quenching experiments were also conducted on Nd 123, and Gd 123 in Ar using

AAL at Containerless Research in Chicago. Experiments were conducted to make splats

above the liquidus and on liquid undercooled below the peritectic temperature.

Microstructural characterization of samples by SEM indicates the presence of amorphous

phase in the samples splatted above the liquidus. High temperature XRD analysis

conducted in dry air revealed the formation of BaCO3 at 400 °C and Nd 123 phase formed

at 700 °C by solid diffusion. Sample structure is presently being analyzed using a

channel patterning technique. For splats made below the peritectic, the morphology of

the Nd123 phase changed from planar to cellular/dendritic with decreasing growth

velocity along the thermal gradient. Nd422 dendrites were also identified and formed

because of the increased interface temperature of Ndl23 near the center of the splat. The

planar front observed suggests that the growth of Nd123 had attained a maximum growth

velocity near the absolute stability criterion. This work has been published 2 in The

Journal of Materials Research, and a pre-print is included in appendix B.

2 "Formation of NdBa2Cu307.d amorphous phase by combining aero-acoustic levitation and splat
quenching," K. Nagashio, W. H. Hofmeister, D. E. Gustafson, A. AItgilbers, R. J. Bayuzick and K.
Kuribayashi, to be published J. Mater. Res., Vol. 16, No. l, Jan 2001.
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ABSTRACT

This paper presents the results of rapid solidification experiments performed on the copper oxide

superconductors YxNdl_×Ba2Cu307-_ (0 < x _<0.9). Spherical rare earth (RE) 123 specimens were

levitated in O2 using aero-acoustic levitation, melted with a laser, undercooled, and solidified.

The peritectic transformation temperature for the reaction RE2BaCuO5 + liquid --_ REBa2Cu3OT__

corresponding to the maximum recalescence temperature during solidification was determined.

RE 123 was formed directly from the melt for Y-Nd binary alloy compositions with Nd

concentration greater than 20% (Y concentration less than 80%). A minimum in the peritectic

transformation temperature for the Nd/Y 123 system corresponding to a composition Y 3Nd7123

was determined at 66°C below the peritectic of pure Nd 123.



INTRODUCTION

Melt processingof rare earth (RE) 123 superconductorshasgained importancein recent

years.While the first high temperaturesuperconductors(HTSCs)were madeusing traditional

ceramic press and sinter technology, recent fabrication efforts have employed alternate

processingtechniquesincluding laserablation and ion beamassisteddepositionfor thin film

fabrication of tapes and wires and melt growth for bulk materials.I-4 To optimize these

techniquesand identify otherpotential processingstrategies,phaserelation studieson HTSCs

have been conductedon a wide variety of superconductingcompounds using numerous

processingstrategies.Studiesperformedto datehavecontributedto the understandingof high

temperaturephaserelationships,enabledthe measurementof the thermophysicalpropertiesof

liquids and solid-liquid phasemixtures,and yieldedtransformationtemperaturesand enthalpy

values. The dataobtainedhasenhancedthe understandingof thesecomplex systemsand has

helpedidentify processingcapabilitiesfor HTSCs. However,the researchto datehasfailed to

achievea breakthroughfor wide spreadapplicationof thesematerials. To overcomedrawbacks

of thesinteredmaterial,manyresearchershavedevelopednewprocessingroutesinvolving melt-

processing techniques. Melt processing has significantly advanced the state-of-the-art

understandingof superconductivityin polycrystallinebulk materialsandhasproducedmaterials

with critical current (Jc)of greaterthan 104A/cm2.5 The melt processedmaterialsproduced,

however,suffer from severalshortcomings. Due to incongruentmelting of REI23 at high

temperatures,liquid phaseflows out of the interiorof thematerialresultingin voids,andBa-Cu-

O liquid inclusionsmay becometrappedbetweengrainsreducingsuperconductiveproperties.

Processingratesaretypically very slow with meltprocessing,i.e. on theorder of 50 mm/h for a

25 mm2 crosssectionalareasample.6 Slow processingratescanalso exposethe material to

moisture and CO2 which are highly reactive with copper oxide superconductors.7 Also,



distortionsand macrocracksform due to severeshrinkageaccompanyingthe melt processing.

Largecomplexshapesarethereforedifficult to fabricateby melt processingandthe only shapes

reportedto datehavebeeneitherdisksor bars.8

Severalresearchershaveexaminedtheeffectof mixedRE atomsin the 123systemreferredto

as RE123alloys. Work to datehas includedoxygen-controlled-melt-growthof RE123 alloys,

containerlessdrop tube processingof RE123 alloys, and directional solidification of RE123

alloys.9-13Interestingresultsinclude a sharpercritical temperature(To)aswell asa higherJcin

the alloy comparedto the singleRE system. Additionally, the liquidus for YxNdl.xBazCu307.6

was measuredby J.R. Olive during drop tubeprocessingexperimentsin 02, and a minimum

liquidustemperaturefor the rareearthoxide+ liquid region in the systemwas found at 1500°C

(+25°C)correspondingto thecompositionY 1Nd 9Ba2Cu307-_.14

EXPERIMENTAL METHOD

This study examines the role of full to partial substitution of Nd in the Y123 structure under

rapid solidification conditions. Aero-acoustic levitation (AAL) was used to levitate and

undercool Nd123 along with a range of pseudo-binary rare earth combinations Y×NdI_×123 (x =

0.9, 0.8, 0.7, 0.5, 0.3, 0.2, 0.1). Specimens were melted to the fully liquid state (above the rare

earth oxide liquidus) by a CO2 laser in flowing 02. Solidification structures were examined

using scanning electron microscopy, electron dispersive spectroscopy, and powder x-ray

diffraction to characterize microstructures and identify phases.

Starting powders of orthorhombic RE123 were supplied by Superconductive Components,

Inc., fabricated using standard ceramic press and sinter techniques. Levitation spheres were then

fabricated in a copper hearth under flowing 02. The aero-acoustic levitator (AAL) consisted of

an 02 gas jet coupled with a three-axis acoustic positioning system for levitation of samples. _5



The O2 gasjet was pre-heatedto approximately400°C in the AAL. Melting of sampleswas

accomplishedusing a Rofin-Sinar 1700SM CO2laser. The laserbeamwassplit and focused

onto opposingsidesof eachspecimen,perpendicularto the gasjet flow. Sampleswere 2 mm

diametersphereshaving a massof 30-50 mg. A typical experimentinvolved levitating the

samplein the02 gasjet andheatingit with the laseruntil liquid vortexcurrentswerevisible on

the surface. After severalseconds,the laserbeam was shut off and the sampleallowed to

radiantly cool at 300-400°C/s. Temperaturemeasurementswere made using a two-color

pyrometerwith Si andInGaAsdetectors,andrecalescenceeventswere recordedusinga Kodak

EKTAPROHSMotion AnalyzerModel4540operatingat 4500frames/s.

RESULTS

Figure 1 is a secondaryelectronimageof a typical spherethat wasprocessedin the AAL.

Black globulesareBa-Cu-Oand are typically hollow. The lightly coloredregionsare faceted

regionsof RE123. Samplesweremeltedbythelaserwhilebeinglevitatedandwereundercooled

severalhundred degreesrelative to the liquidus before solidification. Solidification of the

sampleswasaccompaniedbya distinctrecalescenceevent.This eventlastedbetween0.2and0.3

secondsandthe increasedemissiveintensitywasvisible to thenakedeye. Solidificationevents

variedconsiderablyin durationandintensitydependinguponthecompositionof thesample,but

the generalsolidification processappearsto be similar. After the laserwas blocked and the

samplecooled a few secondswhere the surfacetemperaturewas approximatelythe REI23

peritectictransformationtemperature(Tp123), particles or islands of RE123, roughly 100 _tm in

size were seen floating on the surface of the levitated melt. These particles increased in number

as the bulk liquid undercooling (relative to Tp 123) increased. Eddies in the swirling melt were

observed drawing the particles to a preferred location near the top of the sphere. With further



cooling, the particles continued to cluster until a solid front was seen growing from the top to the

bottom of the spherical surface. This front wrapped around the surface of the sphere, enveloping

the melt with a shell of solid material. The recalescence event occurred simultaneously in the

bulk of the sample and was marked by a distinct flash of light. This entire scenario occurred in

less than 400 ms. Solidification events recorded by the Kodak EKTAPRO camera confirmed

these observations. The as-solidified morphology of samples fully melted in the AAL can be

generalized into three zones. Typically, the solidification of undercooled powders results in a

dual zone microstructure; an adiabatic zone from solidification due to undercooling and a zone

where solidification is controlled by external heat flow. 16Figure 2 is a collection of micrographs

depicting the three different zones typically found in the microstructures of processed samples.

In Figure 3 a schematic of the hypothesized temperature profiles in the drop is presented for

clarification. The first zone encompasses the outer layer of the sphere, which solidified first.

Here, solidification of the melt proceeded quickly. This outer zone is composed of relatively

void-flee RE123, and the morphology can be described as faceted. The formation of this layer

involved the recalescence event recorded by the pyrometer and EKTAPRO camera. The

thickness of this outer layer appears to be a function of composition and varied from a maximum

of 500 ktm for the Nd rich samples to 200 p.m and less for the Y rich samples. In this region, the

sample was undercooled relative to Tp 123, and RE123 formed directly from the undercooled melt

curve tl in Figure 3). The undercooling was limited due to heterogeneous nucleation from the

islands of RE123 phase on the surface of the melt. The adiabatic growth of the RE 123 raised the

drop temperature to Tp 123 in zone 1, and limited further growth of RE123 (t2 in Figure 3). The

second zone, which lies between the outer zone and the center of the sphere, is a relatively thin

transitional region where RE211 dendrites are surrounded by RE123 dendrites. The RE211

dendrites in this region nucleated heterogeneously at the interface of the solid RE123 and the



melt. The undercooling relative to the RE211 peritectic transformation temperature (Tp211),

which is greater than Tp 123, drove RE211 solidification (curve t3 in Figure 3). The dendrites were

initially fine, but coarsened closer to the center of the sphere as the undercooling (relative to

Tp211) diminished (up to t4 in Figure 3). Thus, in these samples there are two adiabatic

solidification zones. As the drop cooled by external heat transfer, the RE211 + liquid --_ RE123

peritectic transformation is evidenced. The third zone is located near the center of the sphere

generally adjacent to the shrinkage voids, and is dominated by coarse RE211 dendrites with

interdendritic Ba-Cu-O. This final zone was formed as the sphere continued to cool due to the

rate of external heat flow, and the microstructure indicates solidification of zone 3 without

significant undercooling (curve t5 in Figure 3). Due to the moderate cooling rate, the remaining

Ba-Cu-O liquid was unable to react with the RE211 to form RE123, and solidified around the

RE211 dendrites. Figure 4 is a collection of secondary electron images for samples with varying

composition, which depict the RE123 and RE211 microstructures typically examined in this

study.

Two Y rich compositions failed to melt completely and, therefore, did not exhibit

recalescence behavior upon cooling: Y gNd1123, and Y sNd2123. The high liquidus

temperatures (-1750°C) for these samples prohibited complete melting in the AAL. The

solidification structures observed in these Y rich samples contained large, faceted rare earth

oxide particles and a mixture of Ba-Cu-O phases indicating that the samples were in the rare

earth oxide + liquid region of the phase diagram when the laser was blocked and the samples

quenched.

DISCUSSION

Containerless processing with aero-acoustic levitation allows for cooling of molten RE123

6



alloy samples several hundred degreesbelow the RE oxide liquidus until spontaneous

crystallizationor recalescenceoccurs.Coolingcurvesfor processedsamplesrevealcharacteristic

events,which correspondto thereleaseof the latentheatof fusionandresultin theheatingof the

samplesto Tv for RE123. Analysis of the microstructure confirms the adiabatic solidification of

RE123, so the maximum recalescence temperature was assumed to correspond to Tp for each

composition.

In this work, the uncorrected recalescence temperature for Nd123 was indicated to be 1043°C

(+17°C). This indicated temperature is below the previously reported value of Tp for Nd123 by

66°C. Prado et al. report the Tp to be 1109°C for Nd123 in pure oxygen. 17 Kambara et al. report

the Yp for Nd123 in oxygen to be 1112°C. 18The absolute differences between the reported values

and the experiments detailed in this report are attributed to error in the pyrometer which was

used to measure temperature in the experiments reported here. This disagreement could not be

experimentally confirmed because the pyrometer failed prior to independent calibration.

However, by using the difference between the experimental and reported Tp for Nd123 as an in-

situ calibration factor, the experimental recalescence temperatures were corrected by this fixed

amount to reflect the actual transformation temperatures for the compositions studied in this

work.

Figure 5 is a plot of the peritectic recalescence temperatures obtained in this report. Error bars

representing one standard deviation for multiple experiments with each corresponding

composition have been included. These results are also plotted with the liquidus for the Y-Nd

alloys for illustration in Figure 6.17 The minimum in the liquidus corresponds to a composition of

yINd9123 while the minimum in T v corresponds to Y3Nd7123. The minimum in undercooling

relative to the rare earth oxide liquidus observed in these experiments, however, corresponds to

420°C (corrected) for samples with composition Y2Nds123 and Y iNd9123. Thus the range of



compositions,which undercooledlessthan500°Cto form RE123directly from themelt, extends

from Nd123 to Y3Nd7123. The degreeof undercoolingfor Nd123 to Y3Nd7123 samples

correspondsto approximately30% of the liquidus. Compositionsmore rich in Y undercooled

more than650°C belowthe liquidusto form RE123directly from the melt, but a considerably

largervolume fractionof RE211appearsin thesespecimensthan in Nd rich specimens.The

degreeof undercoolingfor the Y rich specimenswasover40%of the liquidus indicatingthat it

is moredifficult to form RE123from themelt for Y rich compositions.

Undercoolingandrapid solidificationareknown to altermaterialsby refiningmicrostructural

featuresand modifying the thermodynamicand kinetic parametersaffecting phaseselection.

Many ceramicsincluding the RE123systempossessa high entropyof fusion becauseof their

complex crystalstructures,and pure ceramicstend to exhibit faceteddendritic growth at high

undercoolings.Ceramicsalsohavelow thermalconductivity,andtheresultingthermalgradients

may causethe surfaceand the centerof samplesto have radically different temperatures.

Throughoutthis study,faceteddendritesof RE123were found in abundancein sampleswhich

undercooledprior to solidification. The solidification structures,however, are varied and

complex becauseof the variation in degreeof undercoolingand thermal gradients. In

compositionalanalysisby EDS in this work, the RE ratios in solidification structuresanalyzed

were the sameasthe nominal startingcompositionof the alloy confirming good mixing and

distributionof theRE speciesin themeltprior to solidification.

Pyrometryevidenceseemsto indicatethatthevolumefractionof RE123formeddirectlyfrom

the melt increasedasthe Nd content in the Y-Nd compositionincreased. The compositional

dependenceof phaseselection is clearly evident from a qualitative review of characteristic

samplemicrographsandis alsoevidentfrom acomparisonof x-raydiffraction spectra.Figure7

is a comparativeplot of XRD datafor severalY-Nd alloys. Thelargevolumefractionof RE123



for all samplesis readily seen. Also, prevalentis theappearanceof RE211peaksin the Y rich

alloys. The largedegreeof undercoolingrequiredcreateslargerthermalgradientsin the Y rich

samplesthantheNd rich samples.Thus,processingin theAAL resultedin formationof RE 123

directly from themelt only in anoutershellof theY rich samples.Thephasestabilityof RE211

may also play a role in this outcomesinceRE211is not a stablephasein the Nd123 system.

Increasingthe Y contentmay createfavorableconditionsfor the formation of RE211 during

rapid solidification processingin the AAL or in drop tubes14A9.The Nd rich alloys haveno

appreciablesecondphasesor byproductsformed indicating that the formation of RE123 is

favoredin the rapid solidificationof a melt with a Nd rich RE123startingcomposition. Peaks

correspondingto the Pt heater,which waspresentin the x-ray diffractometer,are found in all

XRD spectrain thisreport.

Previous processing studies of RE123 at near equilibrium conditions in high oxygen

environmentsresulted in the partial substitution of RE3+ for Ba2+ and the formation of

compoundswith theformulaREl+xBa2.xCu3Oy_a.2° This solidsolubility behaviorwasdetermined

to be undesirablesince the REI23 solid solutionshave inferior superconductingproperties

comparedto the stoichiometriccompounds.21 Low oxygenpartial pressureenvironmentswere

used to avoid solid solution formation in near equilibrium melt processingbecausethe

substitutionof RE3+for Ba2+must be compensatedby the addition of extra oxygen. Simply

removing the oxygen removedthe opportunity for solid solution formation in those near-

equilibrium processingtechniques. In this study,no evidenceof substitutionof Nd3+for Ba2+

wasdiscoveredevenwhile processingthe samplesin pureoxygen. Thus it appearspossibleto

solidify RE123 directly from the melt while effectively bypassingthe formation of solid

solutionsusingrapid solidificationtechniquesin atmosphericoxygenpressure.



RE123studiesperformedto datehavefound substitutionof manyRE atomsfor Y in the 123-

crystalstructure. The substitutionof a singleRE atomfor Y in the 123structurecausessmall

distortionsin the latticeparametersdependinguponthesizeof theRE atom,but the substitution

hasno discernibleeffecton the superconductingpropertiesof orthorhombic123. Additionally,

analysisof samplesprocessedin AAL hasverified that RE atomratios in RE211particlesare

similar to thenominalstartingcomposition.TheRE211crystalis orthorhombicbutcontainstwo

RE atomsperunit cell. Theroteof theRE211phasein flux pinninghasbeenspeculated,andthe

formationof RE211in apseudo-binaryalloy systemwarrantsfurtherdiscussion.OtherRE ions

substitutereadily for Y in this structureto form RE211,but the structureof Nd422 is radically

differentdueto the largesizeof theNd3+ion. TheNd3+ion hasbeenreportedto be too largeto

beaccommodatedin the Y211 crystalstructure.22Compositionally,EDS scansindicatethat the

RE211phasesformedduringAAL processinghasa RE composition(Nd/Y ratio) the sameas

thenominalstartingcomposition. Sincesubstitutionof Nd3+in the Y211 structurewould result

in an increasein the lattice parametersof the Y211 cell, an identifiablex-ray shift shouldalso

accompanysubstitution.Also, thedegreeof shift shouldbeproportionalto theNd contentof the

nominal startingcomposition. Figure8 is a plot of 20versustheRE3+averageionic radiusfor

the planesof highestdiffraction intensityfor RE211phases(RE -- Dy, Er, Eu, Gd,Ho, Sm,Y,

and Yb) from powder diffraction dataas well as experimentaldata from this report.23The

experimentaldatawasobtainedfrom XRD plots for a numberof compositionsstudiedin this

report,andthe averageionic radiuswasdeterminedusingthe ratioof RE3+atomsin thestarting

sample. Additionally, thetheoretical20predictedusinga hardspheremodelof theRE211unit

cell with increasedsizedueto substitutionof Nd3+for y3+is plotted. Thetrendappearsto be

well developedandin goodagreementwith experimentaldataindicatingthat increasingthe size

10



of the RE211unit cell by substitutionof Nd 3+ for y3+ is possible under rapid solidification

conditions.

CONCLUSIONS

Aero-acoustic levitation is a useful technique for melting, undercooling, and rapidly

solidifying high temperature ceramic oxide superconductors. In this study, binary Nd/Y RE123

samples were melted, undercooled hundreds of degrees relative to the liquidus, and solidified to

form RE123 for compositions with Nd concentration greater than 20% (Y concentration less than

80%). Mixtures of Y123 and Nd123 resulted in a minimum for the peritectic temperature at

Y.3Nd7123, 66°C below the peritectic of pure Nd123. It was also determined that increasing the

Nd content in Nd/Y alloys resulted in the formation of a higher volume fraction of RE 123. Nd-

Ba solid solution behavior of the type Ndl+xBa2.×Cu307-6 was not observed in this study, and the

RE ratio in RE123 and RE211 structures formed during AAL processing mirrored the nominal

starting composition of the bulk. Lastly, significant changes occur in the RE211 lattice

parameters because of Nd substitution for Y in the Y211 unit cell.

11
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FigureCaptions

Figure1. Secondaryelectronmicrographshowingthesurfaceof atypical sphereprocessedin
theAAL. BlackglobulesareBa-Cu-Oandthelight coloredregionsarefacetedRE123.

Figure2. Collectionof secondaryelectronimagesfrom aY 3Nd7123sampledepicting(a)
relativelyvoid-freeRE123faceteddendritesat theouteredgeof thesphere,(b) thesecondzone
whereRE211dendritesform attheboundaryof RE123facetedparticles,and(c) the innerzone
comprisedof RE211dendriteswith interdendriticBa-Cu-Oadjacentto theshrinkagecavity.

Figure3. Schematictemperatureprofilesfor solidificationof thedropsareshownat arbitrary
times(t l-t5). Curvet l showstherecalescenceof thesurfaceregionto theRE123peritectic
transformationtemperature.RE123grewadiabaticallyuntil thedrivingundercoolingfor
solidificationwasovercomebythereleaseof latentheatof fusionin t2. At this point,RE211is
undercooledwith respectto Tp 211, and this phase nucleated on the RE123 phase and grew

adiabatically until time t4, whereupon the solidification was controlled by external heat transfer.

Figure 4. Secondary electron images of several samples processed in the AAL. The large

fraction of RE123 is evident in each micrograph. RE211 increases with increasing Y content of

the bulk. (a). Cross-section of a sample with composition Y iNd9Ba2Cu307-6. (b). Cross-section

of a sample with composition Y 3NdvBazCu3OT-8. (c). Cross-section of a sample with

composition ysNd.sBazCu307.6. (d). Cross-section of a sample with composition

Y 7Nd3Ba2Cu3OT-5.

Figure 5. Experimentally determined average peritectic temperatures for Nd/Y123 binary alloy

samples processed in the AAL. The temperature has been corrected using Nd123 as an in-situ
calibration. The standard deviation in the data for multiple experiments with the same

composition was used to calculate the magnitude of the error bars.

Figure 6. Trace of the Nd/Y 123 liquidus and peritectic in pure 02. Liquidus temperatures were

obtained from drop tube work performed by Olive and peritectic temperatures represent

corrected experimental data from this work. 13

Figure 7. A compilation of XRD spectra for Y/Nd123 alloys processed in the AAL. RE123 is

the dominant phase for all compositions. The appearance of RE211 in the scans becomes more

prevalent in Y-rich compounds. The Pt peak is from the heating fixture in the XRD.

Figure 8. Comparison of the 20 values for highest intensity diffraction planes for RE211 from

powder diffraction files (RE = Dy, Er, Eu, Gd, Ho, Sm, Y, and Yb) with values from

experimental data and theoretical values for Nd211 calculated from a simple model.

13



Figure1. Secondaryelectronmicrographshowingthesurfaceof atypical sphere
processedin theAAL. BlackglobulesareBa-Cu-Oandthelight coloredregionsare
facetedRE123.



Figure2(a). Relativelyvoid-freeRE123faceteddendritesat the outer edge of the sphere.

Figure 2(b). The second zone with RE211 dendrites at the boundary of RE123 faceted

dendrites.

Figure 2. Collection of secondary electron images from a Y3Nd7123 sample depicting

(a) relatively void-free RE 123 faceted dendrites at the outer edge of the sphere, (b) the

second zone where RE211 dendrites form at the boundary of RE123 faceted particles,

and (c) the inner zone comprised of RE211 dendrites with interdendritic Ba-Cu-O

adjacent to the shrinkage cavity.



Figure2(c). Theinnerzonecomprisedof RE211dendriteswith interdendriticBa-Cu-O
adjacentto theshrinkagecavity.

Figure2. Collectionof secondaryelectronimagesfrom a Y.3Nd7123sampledepicting(a)
relativelyvoid-freeRE123faceteddendritesat theouteredgeof thesphere,(b) the
secondzonewhereRE211dendritesform at theboundaryof RE123facetedparticles,
and(c) the innerzonecomprisedof RE211dendriteswith interdendriticBa-Cu-O
adjacentto theshrinkagecavity.
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Figure 3. Schematic temperature profiles for solidification of the drops are shown at

arbitrary times (tl-t5). Curve tl shows the recalescence of the surface region to the

RE 123 peritectic transformation temperature. RE123 grew adiabatically until the driving

undercooling for solidification was overcome by the release of latent heat of fusion in t2.

At this point, RE211 is undercooled with respect to Tp 21 i, and this phase nucleated on the

RE 123 phase and grew adiabatically until time t4, whereupon the solidification was

controlled by external heat transfer.



Figure4(a). Cross-sectionof asamplewith compositionY.jNd.9Ba2Cu307.6.

Figure4(b). Cross-sectionof asamplewith compositionY.3Nd.TBa2Cu307.5.

Figure4. Secondaryelectronimagesof severalsamplesprocessedin theAAL. The
largefractionof RE123is evidentin eachmicrograph.RE211increaseswith increasing
Y contentof thebulk.



Figure4(c). Cross-sectionof asamplewith compositionY.sNdsBa2Cu307-6.

Figure4(d). Cross-sectionof asamplewith compositionY 7Nd.3Ba2Cu307-6.

Figure 4. Secondary electron images of several samples processed in the AAL. The

large fraction of RE123 is evident in each micrograph. RE211 increases with increasing
Y content of the bulk.



_.)

¢D

E

1160

1140

1120

1100

1080

1060

1040

1020

1000 i

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

x_YxNdl_xBa2CusOT__

Figure 5. Experimentally determined average peritectic temperatures for Nd/Y 123 binary

alloy samples processed in the AAL. The temperature has been corrected using Nd123 as

an in-situ calibration. The standard deviation in the data for multiple experiments with

the same composition was used to calculate the magnitude of the error bars.



1800

1700

.. 1600

1500

1400

E 1300

_ 1200

1100

1000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

X in YxNdl-x Ba2Cu307.6

Figure 6. Trace of the Nd/Y123 liquidus and peritectic in pure 02. Liquidus

temperatures were obtained from drop tube work performed by Olive and peritectic

temperatures represent corrected experimental data from this work._3



4500

4000

3500

_" 3000

• 2500

._2000

1500

1000

500

2O 25 30 35 40 45 50 55

20 (degrees)

6O

Figure 7. A compilation of XRD spectra for Y/Nd123 alloys processed in the AAL.

RE123 is the dominant phase for all compositions. The appearance of RE211 in the

scans becomes more prevalent in Y-rich compounds. The Pt peak is from the heating
fixture in the XRD



32.5

32.0
(020)

31.5

31.o
(211)

30.5

(I 13)
-- 300

_ 29.5
c-,l

29.0

28.5

°8

• PDF

© Experimental

• Estimated

.8

0

i

1.02 1.04 1.06 1.08 1.1 1.12 1.14 1.16 1.18

RE 3+ Ionic Radius (Angstroms)

Figure 8. Comparison of the 2@ values for highest intensity diffraction planes for RE211

from powder diffraction files (RE = Dy, Er, Eu, Gd, Ho, Sm, Y, and Yb) with values

from experimental data and theoretical values for Nd211 calculated from a simple model.



Formation of NdBa2Cu307._ amorphous phase

by combining aero-acoustic levitation and splat quenching

I*K. Nagashio, tW. H. Hofmeister, ID. E. Gustafson, IA. Altgilbers, IR. J. Bayuzick

and 2K. Kuribayashi

1Department of Chemical Engineering, Vanderbilt University

Nashville, Tennessee 37235, U.S.A

2The Institute of Space and Astronautical Science

3-3-1, Yoshinodai, Sagamihara, Kanagawa, 229-8510, JAPAN

*nagashio@materials.isas,ac.jp

*Present address: The Institute of Space and Astronautical Science

3-3-1, Yoshinodai, Sagamihara, Kanagawa, 229-8510, JAPAN

Abstract

Small spherical samples (diameter-2mm) of NdBa2Cu307.6 (Nd123) were fully melted in Ar gas

flow in an aero-acoustic levitation device and subsequently rapidly cooled by splat quenching. For

samples quenched above the liquidus, the microstructual and X-ray diffraction (XRD) observations

suggested the existence of the amorphous phase with small quantities of the BaCuO2 and BaCu2Ox.

The high temperature XRD results indicated that the decomposition of the amorphous phase,

probably assisted by atmospheric CO2 and H20, lead to formation of the BaCO3 phase at 400 °C

and, subsequently, the Nd123 phase was formed by the solid diffusion above 800 °C. Another set of

Nd123 samples were fully melted in 02 gas flow, undercooled while levitated, and then splat

quenched at a temperature below the peritectic temperature (Tp). These samples possessed a

microcrystalline microstructure of the Nd123 phase which was confirmed by XRD. This indicated

that the Nd 123 phase was solidified directly from the undercooled melt quenched below Tp.

Keywords: NdBa2Cu307.6, containerless solidification, splat quench, amorphous, undercooling



I. INTRODUCTION

Applications of REBazCu307.5 (RE123, RE=Y, Nd, Gd) superconducting oxides depend on

enhancement of the critical current density (Jc). The Jc strongly depends on the microstructure

derived from processing, while the critical temperature is a physical property of its material.

Representative bulk processes for high Jc are quench & melt growth [1] and melt powder melt

growth [2], where REzBaCuO5 (RE211) phase is dispersed as a flux-pinning site in the RE123

matrix. It is, however, difficult to disperse the RE211 on a sufficiently fine scale due to the

peritectic reaction.

Recently, in the Bi2Sr2CaCu2Ox (Bi2212) system, it was reported that single crystal doped with

large amounts of Pb showed a drastic increase in Jc in an applied magnetic field [3]. Moreover, the

fine dispersion of Pb in Bi2212 was examined by crystallization from an amorphous precursor [4].

Working with an amorphous precursor has a number of advantages, especially for peritectic

systems, such as Fe-Nd-B [5]. In the Bi-system, the formation of the amorphous phase has been

demonstrated by splat quenching [6], twin roller quenching [7] and containerless solidification [4,

8]. On the other hand, in the RE123 system, amorphous RE123 has hardly been reported. This

mainly results from the difficulty of the complete melting of RE123 due to the high liquidus

temperature (TL), -1800 K, compared with that of Bi2212, M200K. At such a high temperature, a

suitable crucible for the melt does not exist because of the strong reactivity of the melt and samples

are easily contaminated. Furthermore, because of the gentle liquidus slope of the high temperature

phase the temperature difference between TL and Tc in Bi-system is very small, -30 K, where Tc is

the hypothetical congruent melting temperature of the peritectic phase. In case of RE123, the steep

liquidus slope of the high temperature phase suggests a large difference between TL and Tc, -300 K,
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which makesit difficult to undercoolthe RE123melt below the glasstransitiontemperature.The

crystallizationtemperaturefor the amorphousphaseis expectedto be considerablylower than the

peritectictemperature(Tp).

Recently,therapidsolidificationexperimentof Nd123andGdl23 hasbeenaddressedaboveTL

by combiningthe drop tubeprocessingand melt spinningtechnique[9-11]. It wassuggestedthat

the amorphousphasewas obtainedand the Nd123 phasecrystallizedfrom the amorphousphase

around630°C by high temperatureX-ray diffraction (HTXRD) at heatingconditionof 6.5 °C/min.

The formation of Y123, however,has beenreportedby a sinteringmethod using the powder

precursorsof Y203,BaCO3and CuOwith almostthe sameheatingcondition [12]. Therefore,the

crystallizationpath from theamorphousphasecannotbedelineatedby HTXRD at heatingratesof

6.5°C/min.

In the presentpaper,the rapid solidificationof Nd123melts wascarriedout by combining an

aero-acousticlevitator (AAL) andsplatquenchingsystemin orderto obtainthe RE123amorphous

phaseandto elucidatethe crystallizationfrom the amorphousphase.The crystallizationfrom the

amorphousphaseis discussedby thedetailedobservationof themicrostructureaswell asHTXRD.

Additionally, meltsquenchedat temperaturesbelowTp formedtheNd123phasedirectly from the

melt, bypassingtheperitecticreactionpathandamorphousphaseformation.

II. EXPERIMENTAL

The AAL with the splat quenching system is shown schematically in Fig. 1. It combines the

containerless processing and the splat quenching technique to allow sample quenching at different



undercoolings.Copperanvils of 20 mm diameterwith polishedsurfaceswere usedto enhancethe

cooling rate of the quenchedspecimens.The pneumaticpistons are driven by fast air valves

triggeredon thesamecircuit asthe laserbeamshutter.

In thepresentexperiment,the sphericalspecimenswith experimentalcompositionof Nd123and

Nd3Ba6CullO×(hyperperitecticcomposition)were preparedby laserhearth melting of powders.

Theywere levitatedby theAAL in Ar gasflow andheatedaboveTcby CO2laser.Then, the melt

wasquenchedata gaspistonpressureof 0.65MPa.Theprocessedsamplethicknesswas20-50 pro.

Alternatively, the Nd123 specimenlevitated in 02 gas flow was heatedabove TL to achieve

completemeltingand undercooledbelowTp (1112°C in 02 [13, 14]).Then, the Nd123 melt was

quenched at the temperatures below Tp. Temperature measurements were performed with a

two-color high-speed pyrometer with central wavelengths of 0.90 and 1.55 iam and a spot diameter

of 1 ram. The reported accuracy of the pyrometer is + 0.5 % of the measured values. The response

time of the pyrometer is 2.0 ms, and a sampling rate of 1000 Hz was used for the data acquisition

system.

Structural phase transitions were studied using a Scintag X1 0/0 automated powder

diffractometer with a Cu target, Peltier cooled solid-state detector, and a Micristar high-temperature

stage. Specimens were mounted on a Si (510) substrate and heated from room temperature to 900

°C at 30 °C/min by the Pt heater. The high temperature X-ray diffraction (HTXRD) measurements

were performed at intervals of 100 °C after 1 rain wait to ensure temperature equilibrium over a 20

range of 22.5°-37.5 ° with 0.05 ° resolution at a scan rate of 0.05 °/s in dry air.

The quenched specimens were annealed at 700 °C for 1 and 24 hours and at 1000 °C for 1 hour

in air. Phase determination was carried out by powder X-ray diffraction (XRD) at a slow scan rate

of 0.025 °/s. The specimens quenched above TL in Ar were polished by diamond paste with
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lubricantof oil. The microstructurewascharacterizedby a scanningelectronmicroscopy(SEM)

coupledwith energy-dispersivespectroscopy(EDS).

III. RESULTS

Figure 2 shows the typical temperature vs time profile, where one was quenched above TL and

the other below Tp. The levitated specimens were heated or cooled as slow as possible to reduce the

temperature gradient inside the specimens due to the low thermal conductivity. Therefore, surface

temperature measured by the pyrometer is close to the temperature of the center. The

splat-quenched materials typically resulted in plate with approximate dimensions of 1.5 mm

diameter and 20-50 _tm thickness as shown in Fig. 3. The maximum cooling rate was achieved

around the center of specimen. Therefore, only central parts of processed specimens were chosen

for analysis by SEM and XRD.

The HTXRD results of the specimen quenched above TL in Ar are shown in Fig. 4. The BaCuO2

and BaCuzOx phases are seen in the starting material, but disappeared at 400 °C. Thereafter, the

BaCO3 phase appeared. The peaks of the Nd2CuO4 and CuO phases were found at 600 °C and the

BaCO3 peaks increased in the intensity. Upon further heating the Nd123 phase appeared at 800 °C.

The peaks of the BaCO3 phase decreased at 900 °C, while the peak intensity of the Nd123 phase

increased.

Figure 5 presents the XRD results of the specimens quenched in Ar at the slow scan rate of 0.025

°/s to elucidate the reaction pathway of the Nd 123 phase in detail. As shown by the HTXRD results,

BaCuO2 and BaCu20× phases were found at room temperature (a). The same specimen was heated



directly to 600 °C at 30 °C/s in dry air in the HTXRD apparatusand the diffraction patternwas

measured.Thepeaksof theNd2CuO4andCuOphasesappearedin additionto the largestpeakof

the BaCO3phase(b). In contrastwith the strongpeaksof the BaCO3phase,low intensity of the

Ba-Cu-Ophasesat room temperaturesuggeststhe low volume fraction of the Ba-Cu-Ophases.

Alternatively, in the specimenannealedfor 24hoursat 700 °C in dry air, the peaksof the Nd123

phasewerethestrongestfeature,with aweaksetof linesfor theBaCuO2phase(c). In thespecimen

annealedfor 1 hour at 1000°C, theNd123 peakswere found with the smaller full-width at half

maximumthanthat at 700°C(d). Althoughtheintensepeakof Ptwasindicatedaround40° and47°

asappearedin Fig. 5cand5d, this causedfrom thecontaminationof Pt onthe Si substratedueto Pt

heater.ThesePtpeakswereoftenobservedbecauseof thesmallamountof thesampleobtained.

Figure6 showsthe SEM micrographof the specimenquenchedaboveTL in Ar. In the specimen

polishedperpendicularto the splat surface,a uniform microstructurewith the Nd123composition

wasobtained.The specimensquenchedaboveTLin Ar wereannealedat 700 °C and 1000°C for 1

hour in dry air andpolishedparallel to the splat surface.Figure7 showsthe SEM micrographsof

the annealedspecimens.Thesemicrographsare shownat the samemagnificationto reveal the

microstructuretransition more easily. Although the XRD results indicatedthe existenceof the

BaCuO2and BaCu2Oxphasesat the room temperature,thesephaseswere not detectedby the

microstructureobservation(a). The smoothsurfaceobservedat room temperaturechangedthe

roughsurfacein the specimenannealedat 700 °C (b). TableI givestheEDS resultsof the regions

A, B andC collectedby the sizeof white box indicatedat the right sideof bottomin Fig. 7b. Even

the smoothsurfaceregionA hasdifferent compositionfrom stoichiometricNd123.In the regionB,

decreaseof Bacontentwas indicated.Moreover,thesmall amountof flower-like Nd123phasewas

observedin the regionC containingalmostno Ba contentby EDS. The HTXRD resultsindicated
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the existence of the BaCO3 phase, which could not be detected in the microstructure. When the

region B in Fig. 7b was magnified, a large amount of the small particles (-100 nm in diameter)

were observed. However, the EDS analysis could not be carried out on these small particles. The

specimen annealed at 1000 °C indicated the smooth surface of the Nd123 phase without the

substitution of Nd and Ba atoms (c). This was in good agreement with the XRD result of Fig. 5d.

The specimens were annealed at 700 °C for 24 hours in air for further detailed observation.

Figure 8 shows the SEM micrograph of the specimen polished parallel to the splat surface. Typical

microstructure was flower-like Nd123 phase in Fig. 8a. This microstructure was detected in the

region C of Fig. 7b. The small cylindrical Nd123 phase (b) was observed in the part indicated by

white arrow in Fig. 8a. Moreover, the Nd2CuO4 phase (c) was found around the Nd123 cylindrical

particles.

As the microstructures and the XRD results of Nd123 quenched above TL in Ar gas flow are

shown from Fig. 4 to Fig. 8, the similar phase transition was observed in the hyperperitectic-Nd123

quenched above TL in Ar. Note that the smooth surface observed in the hyper-Nd123 specimen at

room temperature had the same composition as the initial composition.

Figure 9 exhibits the XRD results of specimen quenched in 02 gas flow at 993 °C, which is

below Tp. The intense peak of the Nd123 phase was observed. The peaks of the high temperature

phases, Nd422 and Nd203 phases, were not found in the XRD results. The microstructure of the

specimen quenched at 981 °C is shown in Fig. 10. In the specimen polished perpendicular to the

splat surface, single phase Nd123 was found. This is consistent with the XRD result. In the

specimen quenched at 1165 °C, 53 °C above Tp, microstructural transition from fine to coarse grain

of the Nd123 phase was observed from the edge to the center. That is, although grain boundary of

the single phase Nd123 in Fig. 10 is not discernable with the resolution in the SEM, it can be seen



that very fine microcrystalline Nd123 was obtained all through the specimen by quenching at large

enough undercooling below Tp.

IV. DISCUSSION

Samples of Nd123 were heated above TL in Ar gas flow and rapidly quenched by combining

AAL and splat quenching. The amorphous-like phase with the Nd123 composition was observed in

Fig. 6. The XRD result at the room temperature (Fig. 5a), however, showed the very low peaks of

the BaCuO2 and BaCu202 phases in contrast with the strong peaks of the BaCO3 phase at 600 °C

(Fig. 5b), while the stable phases, Nd203, Nd4Ba2Cu2Ol0 (Nd422) and Nd123 were completely

suppressed. Moreover, the amorphous-like phase was more reactive to the atmospheric gasses than

the Nd123 phase, which is subject to decomposition [15]. Increase of area exposed to atmosphere

by crushing the sample for the preparation of XRD seemed to rapidly induce the decomposition of

amorphous-like phase. This is also associated with the fact that XRD results at room temperature

did not indicate any distinct features of the amorphous phase. Furthermore, in the

hyperperitectic-Nd 123 specimen, the amorphous-like phase with the same composition as the initial

melt was observed. That is, these results conclude that the featureless phase obtained by the splat

quenching above TL in Ar gas flow is the amorphous Nd123 including very low amount of the

Ba-Cu-O phases.

The HTXRD results of Fig. 4 indicated that the BaCO3 phase appeared at 400 °C before the

peaks of the Nd123 phase was observed at 800 °C. Ba atom in the amorphous seems to decompose

into the Ba(OH)2 phase due to the instability to the atmospheric water vapor. Subsequently, the



Ba(OH)2phasemayreactwith CO2in atmosphereaccordingto theheatingaround400 °C andlead

to the intensepeaksof the BaCO3phase.Moreover,EDSresultsof the roughsurfaceasshownin

Fig. 7b indicatedthat the compositionof theroughpart,which includedthelargeamountof small

particles,was different from the stoichiometricNd123 composition.This meansthat the Nd123

phasedid notcrystallizefrom theamorphous,althoughthesmoothsurfaceof theNd123phase(Fig.

7b) was observedin the specimenannealedat 1000°C. The microstructuretransition with an

increaseof the annealingtemperatureaswell asthe HTXRD resultsindicatedthat the amorphous

decomposeddue to the instability to the atmosphericgassesand leadsto the appearanceof the

BaCO3phaseand, finally, theNd123phasewas formedby the soliddiffusion around800 °C, not

by thecrystallizationfrom theamorphous.AlthoughFolkertset al. havereportedthecrystallization

of the Nd123phasefrom the amorphousby the HTXRD results,it may be misidentifiedbecause

theydid not carryout the HTXRD scanof 20-25° containingthe mostintensepeakof the BaCO3

phase[9-11].

As discussedabove, the experimentalresults indicated the amorphousphaseimmediately

decomposedandleadto the BaCO3phaseby thereactionwith CO2althoughtheamorphousphase

wasformedin thespecimensplat-quenchedin Ar. Thesubsequentreactionpathwayfor theNd123

formationwasdiscussed.The HTXRD resultat 600 °C of Fig. 5b indicatesthe stablephasesafter

thedecompositionof theamorphousphasearetheBaCO3,CuOandNd2CuO4phases.Furthermore,

the XRD result of the sampleannealedfor 24 hours suggeststhat the BaCuO2phaseis an

intermediatephaseformedby the BaCO3and CuOphasesfor the formationof the Nd123phase.

Thereactionpathwayfor theNd123formationin dry air is consideredasfollows,

BaCO3+ CuO_ BaCuO2+ CO2

CuO+ 4BaCuO2+ Nd2CuO4--_2NdBa2Cu30×

(1)

(2)
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The decompositiontemperatureof the BaCO3phaseobservedin Fig. 3 was consistentwith the

reportthatthedecompositionof theBaCO3phasetakeplacearound800°C in air [16]. Moreover,it

is well known that the Y123 phasedecomposesto the Y211, Ba(OH)2and CuO phasesby the

reactionwith H20 [17]. In the presentexperiment,however,the Nd422 phasewas not observed.

Therefore,the identification of the Nd2CuO4phaseby SEM (Fig. 8c) as well as XRD replaces

Nd422phaseand suggeststhat Ba atomin the obtainedamorphousphasemostly reactedto the

BaCO3phase.TheBaCO3phase,however,maybe removedby polishing,becauseroughspotswith

almost no Ba content were detected by SEM as shown in Fig. 7b. Therefore, after the

decompositionof the amorphous,the reactionpathwayfor the Nd123 formation results in the

reactions(1) and (2). Moreover, the nucleationof the Nd123 phaseseemsto take placeon the

Nd2CuOaphasewith a tetragonalstructure,becausethe BaCuO2and CuO phasesare cubic and

monoclinic structure, respectively.Subsequently,the Nd123 phase formed small cylindrical

particlesandtheycombinedasflower-like structures,asshownin Fig. 8. This flower-like particle

was also observedin the region C (Fig. 7b) in the sampleannealedat 700 °C for 1 hour. The

formation of Nd123phaseprogressedat regionC of the mostreactiveregion andresultedin the

cylindrical particlesin Fig. 8b. Finally, the flower-like particlesgrewto leadto the smoothsurface

of Fig. 7castheannealingtemperatureincreasedtoward800°C.

In the caseof the splatquenchingbelowTp,uniform Nd123microstructurewasobtained.The

peaksof thehigh temperaturephases,Nd203andNd422,werenotdetectedby XRD. This indicated

thattheNd123phasewassolidified directly from theundercooledmelt by quenchedbelowTp.The

author'shasalreadyreportedthedirectgrowthof theNd123phasefrom theundercooledmelt using

AAL or droptube [18-21]. In the previousinstances,theNd123phasegrewdendritically.Thevery

fine microcrystallineNd123 microstructurein the presentexperimentis expectedto lead to the

10



enhancementof physicalproperties,suchas Jc.

The crystallization of the Nd123 phase was observed in the specimen quenched below Tp, while

amorphous Nd 123 was obtained in the specimen quenched above TL. This is comprehended by the

consideration based on the continuous-cooling-transformation (CCT) diagram as shown

schematically in Fig. 11. This CCT diagram is illustrated at the cooling rates acquired in the general

quenching experiments, because each cooling rate was not measured in the present experiment. The

undercooling below Tp of the liquid prior to splat quenching does not favor glass formation because

there is sufficient time for a near-equilibrium distribution of sub-critical embryos to develop in the

liquid during undercooling [22].

V. CONCLUSIONS

Splat quenching experiments were conducted on the superconducting oxide, Nd123, in Ar or 02

gas flow using an aero-acoustic levitator with splat quenching system. The amorphous Nd123 was

observed in the specimen quenched above the liquidus temperature in Ar. The amorphous

decomposed due to the instability to the atmospheric vapor and lead to the appearance of the BaCO3,

Nd2CuO4 and CuO phases above 400 °C by the reaction with CO2, as indicated by high temperature

X-ray diffraction result. Subsequently, the Nd123 phase was formed around 800 °C by the solid

diffusion of their phases. Moreover, microstructure transition of the Nd123 phase from cylindrical

to flower-like particles was observed through the solid diffusion. On the other hand, the

undercooled Nd123 melt, (cooled in 02) and splat quenched below its peritectic temperature did not

form the amorphous phase. Microcrystalline Nd123 was found. This indicated that the Nd123 phase

11



wassolidifieddirectly from theundercooledmeltby quenchingbelowTp.
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Figures

Figure 1.

Figure 2.

Figure 3

Figure 4

Figure 5

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Schematic of an aero-acoustic levitator and splat quenching system. Complete melting

of the sample was achieved by CO2 laser.

Typical temperature vs time profile. (a): quenched above TL in Ar, and (b): quenched

below Tp in O2. The Tp reported in 02 atmosphere is indicated in this figure.

Low magnification micrograph of as-quenched specimen.

High temperature X-ray results in dry air of specimen splat quenched above TL in Ar.

XRD patterns of the specimen quenched above TL in Ar gas flow. (a): profile from the

as-quenched specimen at RT, (b): HTXRD profile. This was obtained after heating

specimen (a) directly to 600 °C at 30 °C/s in dry air, (c): profile from the specimen at

RT after annealed at 700 °C for 24 hours in air, and (d): profile from the specimen at

RT after annealing for 1 hours at 1000 °C.

SEM micrograph of the specimen quenched above TL in Ar. The cross-section of

specimen quenched from the direction shown by white arrows.

SEM micrographs of specimen annealed at different temperatures for 1 hour in air. (a):

room temperature, (b): 700 °C, and (c): 1000 °C.

SEM micrographs of specimen annealed for 24 hours in air.

XRD result of the specimen quenched below Tp in 02.

SEM micrograph of the specimen quenched below Tp in 02. The cross-section of

specimen quenched from the direction shown by white arrows.

Schematic of a continuous-cooling-transformation diagram.

Table I. EDS results of the regions indicated in Fig. 7b.
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